In the ongoing search for multiferroics with coexisting ferromagnetism and ferroelectricity at room temperature (RT), the ordered double perovskite systems have recently attracted much interest from the condensed matter and materials science community. Although several potential single perovskite multiferroics have been synthesized experimentally, quite often they have limited applications by having either a very low Curie temperature (T c ) for ferromagnetic order 1 or a high Neel temperature (T N ) but almost zero net magnetization. 2 Two of the most recent yet widely studied single perovskite multiferroics are BiFeO 3 (BFO) and BiMnO 3 (BMO). Stoichiometrically active lone pair 6s 2 electrons are responsible for the displacement of Bi atoms in both systems which causes ferroelectric ordering at RT with T c ¼ 1103 K and 760 K in BFO and BMO, correspondingly. However, BFO is antiferromagnetic (AFM) with T N ¼ 643 K while BMO is a very low temperature ferromagnet (T c ¼ 110 K). Due to these caveats for having ferroelectricity with net magnetic moment in single perovskite systems, there has been active effort by many groups worldwide to design heterostructure or double perovskite systems, which are multiferroic at RT.
To achieve this goal, our effort in this work is directed towards synthesis, characterization, and theoretical simulations of double perovskite Bi 2 FeMnO 6 (BFMO), a potential RT multiferroic system. While the ferroelectric behavior in BFMO should be robust due to the 6s 2 lone-pair electrons in Bi ions, an insulating ferrimagnetic phase can emerge due to the dominant ferromagnetic Hund coupling on the adjacent Fe and Mn ions. This can be understood by following Goodenough-Kanamori (GK) rules in a typical rock-salt configuration. 3 Within the GK rule, no super exchange interaction mediated by oxygen in between Fe and Mn ions is necessary, and thus, BFMO can become a ferroelectric insulator with net ferrimagnetic moment even at room temperature.
Considering BFMO as a potential candidate for RTmultiferroics, we synthesized BFMO through the dilution of Fe-sublattice by Mn in BFO, while the end member BMO is isostructural to BiFeO 3 . Recently, the measurements on strained thin BFMO films (thickness $30 nm) 4 have shown a large magnetic moment of $1.16 l B /f.u. at room temperature, while only a small magnetic moment of less than 0.01 l B /f.u. at 5 K was observed for thicker films (thickness $220 nm). The significant difference of the magnetic moments in thin and thick films originates from the fact that the much thinner thin films are highly strained and have a tetragonal crystal structure ( Fig. 1(a) ), while the thick films are more relaxed and monoclinic ( Fig. 1(c) )-suggesting the importance of strain effect on the magnetism of BFMO. Experimentally, 4 it was found that the SrTiO 3 (STO) substrate modifies the unit cell parameters of BFMO thin films, and the cubic perovskite structure takes a coherent tetragonal form with 2.5% increase in c parameters. Theoretically, the first-principles simulations have been carried out for the thick films and the full relaxation of the atomic coordinates and lattice parameters leads to the most stable monoclinic structure without a magnetic ordering. 5 In order to understand and illustrate the magnetic property in BFMO, we have performed the X-ray magnetic circular dichroism (XMCD) measurements in our synthesized thin Published by AIP Publishing. 108, 242907-1 film with $30 nm thickness. Although initially it was believed that XMCD spectroscopy will capture interfacial magnetic behavior in BFMO, the XMCD spectral features at Fe and Mn L 2 /L 3 edges showed unexpectedly a scenario far from ferrimagnetic ordering in transition-metal ions. Both Fe and Mn L 2 and L 3 edges exhibit an interference of shifted resonances in the XMCD signal, where a net magnetization is very small and sum rules are no longer applicable.
The primary suspect for the cause of such XMCD peak behavior is site-mixing-either originating from mixed valence in Mn and Fe, or site exchange between Fe and Mn ions. Either case is possible particularly when the BFMO system possesses lower symmetry (monoclinic) structure as often found in the bulk. In monoclinic BFMO, chemical environment is distinguishable for Mn and Fe ion sites ( Fig. 1(c) ), and can cause core-level shifts which affect the X-ray absorption spectra (XAS). Since the attenuation length of the total electron yield (TEY) signal in insulating perovskite oxides is usually not more than a few nanometers, 6 the XMCD signal we measured is dominated by the bulk-like BFMO phase near the surface of the sample. Our experimentally observed XMCD signals are thus coming from the bulk-like layers in thin film BFMO, and the oscillating W-shaped peak features can be understood by considering a very simple site-mixing scenario. In this work, we performed density functional theory (DFT) calculations of L 2 /L 3 edge XMCD spectra of Fe and Mn ions for both tetragonal (modeling those layers near STO interface) and monoclinic (modeling those bulk-like layers near surface) phases. Considering site-mixing between Fe and Mn ions for both structural phases, we demonstrate the physical origin of oscillatory XMCD spectra found in our measurements. Although a possible alternative scenario is the existence of mixed valence cations (Mn 3þ /Mn 4þ and Fe 2þ / Fe 3þ ), which are sometimes considered to cause W-shaped XMCD signals, they predominantly exist in more complex molecular-solid like systems with Mn and Fe ions, 7-9 and c-Fe 2 O 3 . 10 However, mixed-valence cations, despite of W-shaped XMCD signal, will still lead to net magnetic moment with significant ferri-or ferromagnetic ordering, in contrast with our experimental findings in bulk BFMO with vanishing magnetic moment. On the other hand, our theoretical explanation based on site-mixing between Fe and Mn in monoclinic BFMO is more suitable for solid perovskite systems. It was found earlier that in both BMO and BFMO, Mn stays at 3þ valence state. 5 Furthermore, the site-mixing scenario also explains the smaller net magnetic moment found in the bulk BFMO with monoclinic symmetry. Experimentally, such a site-mixing happens during the synthesis process, and was earlier observed in other double perovskite systems, e.g., Lu 2 C and an oxygen pressure of 100 mTorr were maintained during depositions. The rectangular laser beam with an area of 5.55 mm 2 was focused onto the target with an energy density of 1.5 J/cm 2 . After deposition, films were cooled down to room temperature in an oxygen pressure of 250 Torr. The XMCD signals were measured in a total electron yield (TEY) geometry using Dichroism Soft X-ray Spectroscopy Beamline 13-1 at the Stanford Synchrotron Radiation Light Source. Elliptical polarizing undulator producesleft-and right circularly polarized X-ray photons in a 500-1200 eV range that encompasses magnetically sensitive L2/L3 resonances of Fe and Mn elements. Prior to the measurements, the samples were attached to the copper cryostat cold finger with carbon tape and then cooled down to 10 K in the magnetic field of 0.25 T oriented in the sample surface plane. The field was then switched off, and the sample was rotated so that the X-ray beam was incident at a 30 angle to the surface plane. X-ray absorption for both circular polarizations were acquired at a temperature 
To study the electronic and magnetic properties of double perovskite Bi 2 FeMnO 6 , we applied DFT as implemented in the fullpotential LAPW code WIEN2k. 12 The tetragonal crystal structure of BFMO is shown in Fig. 1(a) . For the same symmetry, site-mixing (between Mn 1 and Fe 2 ) crystal structure is shown in Fig. 1(b) . All Fe and Mn ions are co-planar in the tetragonal BFMO, and shown by the rectangular plaquette next to the conventional unit cell. The most stable structure is monoclinic (C 2 symmetry) 5 in bulk BFMO, and is shown in Fig. 1(c) . The site-interchanged structure (between Fe 2 and Mn 2 ) is shown in Fig. 1(d) . For all these four cases, we calculated L 2 /L 3 edge XMCD for Mn 1 , Mn 2 , Fe 1 , and Fe 2 ions. The details of our computational method and used parameters are provided in the supplementary material. 13 To understand the vanishing magnetization in bulk BFMO with monoclinic unit cell, and its relation to the oscillatory peak features in L 2 /L 3 edge XMCD spectra, we selfconsistently calculated the magnetic moments and XMCD of Mn and Fe ions for both tetragonal and monoclinic structural phases. We first investigate tetragonal BFMO, which is most stable near STO interface. We doubled the unit cell to have two Mn and two Fe ions, and identified them as Fig. 2 . In the regular tetragonal phase, Mn 1 and Mn 2 sites are found indistinguishable in our DFT calculations, each having magnetic moment À3.09 l B . Similarly, the Fe 1 or Fe 2 has magnetic moment þ3.64 l B . In Fig. 2(a) , the left (green curve) and right (red curve) circularly polarized XAS for L 2 and L 3 edges of Mn and Fe ions are shown. The difference between left and right circularly polarized XAS is defined as an XMCD signal, which is shown as the black curves for Mn and Fe ions. Due to the higher crystal symmetry of the tetragonal structure, the chemical environments around the Mn sites or the Fe sites are precisely identical, and thus no chemical shift of the core levels is observed between Mn 1 and Mn 2 ions. Same is true for Fe 1 and Fe 2 ions. Therefore, for the Mn or Fe sites, the averaged XMCD spectra contain distinct peak features, as shown in Fig. 2(b) . On the other hand, when the Fe and Mn ions are interchanged in the unit cell, each Fe and Mn sublattice becomes AFM ordered with equal and opposite magnetic moments. Therefore, the averaged XMCD spectra for Fe 1 and Fe 2 , or equivalently Mn 1 and Mn 2 , show almost flat lines without any distinct or oscillatory peak features (Fig.  2(d) ). Since such an outcome is not consistent with our experimental finding, we need to analyze XMCD spectra for the monoclinic unit cell of BFMO near the bulk like layers of the BFMO thin film.
In the relaxed bulk BFMO, the monoclinic structure with C 2 symmetry was earlier found to be more stable. 5 Due to lower symmetry structure, the unit cell of near the surface of BFMO film may contain two distinct Mn ions (Mn 1 and Mn 2 ) and Fe ions (Fe 1 and Fe 2 ) embedded in different local chemical environment. To investigate such local effect on the magnetism in bulk BFMO, we self-consistently calculated the magnetic moments in both regular (Fig. 3(a) ) and site-mixed (Fig. 3(b) ) BFMO unit cell. The four cations (two Mn and two Fe) are not in a same plane, as shown by the two triangles in the insets of Figs. 3(a) and 3(b) . In the regular monoclinic unit cell ( Fig. 3(a) ), our DFT calculations predict XMCD spectra with expected distinct peak features with negligible chemical shift observed among Mn 1 , Mn 2 , Fe 1 , and Fe 2 ions. The selfconsistently calculated average magnetic moments for Mn and Fe ions are À2.946 l B and 3.26 l B , correspondingly.
Our experimental measurements of L 2 /L 3 edge XMCD signals at 10 K (the bottom curves in Fig. 3(b) ), display unexpected W-shaped features. To explain this, we considered the site mixing between Mn 2 and Fe 2 , as shown in the inset of Fig. 3(b) . Our DFT calculated XMCD spectra are the top curves in Fig. 3(b) . It is clear that the oscillatory peak features are reproduced and are in good agreement with experimental observation. The agreement between theory and experiment strongly suggests that, during the sample growth process on STO substrate, the Fe and Mn ions are site mixed near the surface region accompanying the structural change from the tetragonal to monoclinic phase. Similar mixing was also observed earlier for other double perovskite systems. The site-mixing in Lu 2 MnCoO 6 crystal as determined by neutron scattering experiment is about 9% throughout the entire bulk. 11 Since the difference of the atomic radius between Mn (r at ¼ 1.61 Å ), and Fe (r at ¼ 1.56 Å ) is smaller than that between Mn and Co (r at ¼ 1.52 Å ), the site-mixing rate in BFMO bulk should be slightly higher than in Lu 2 MnCoO 6 . More importantly, in the BFMO thin-film sample, although an accurate estimate of the amount of site-mixing is unavailable, from the comparison of the theoretical results with the species-sensitive XMCD spectroscopy and magnetization measurement, 4, 14 we are still able to propose that the site-mixing at the top few layers of BFMO should be much stronger than in those close to the substrate. This heterogeneity could also be related to the structure evolution throughout the thin film.
We have studied the effects of Fe and Mn site mixing on the XMCD spectra in the double perovskite BFMO thin film through the DFT band structure calculations closely coupled to the XMCD measurements. Although significant ferrimagnetic ordering was earlier observed in magnetic hysteresis experiments performed on the thin films of BFMO grown on STO, 15 our XMCD measurements on $30 nm film of BFMO has detected unexpected W-shape features with vanishing magnetization. In view of the fact that the detection of the total electron yield of L 2 and L 3 edges x-ray absorption spectra has 2-3 nm attenuation length, and thus can only probe a few nanometers near the surface, we have proposed that these few nanometers region has already recovered the monoclinic structure typically present in bulk BFMO and the commonly found site-mixing between Mn and Fe ions during the synthesis process can create antiferromagnetically ordered Mn and Fe sublattices. Together with the core-level shift in ions within the Mn and Fe sublattices, which is caused by different local chemical environments in the monoclinic structure, our first-principles calculations of site averaged XMCD for Mn and Fe L 2 /L 3 edges can explain the experimental XMCD.
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